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Abstract
The climate crisis has accelerated the frequency and intensity of droughts in the Mediterranean areas, impacting the hydrology 
and the ecology of their basins. Maule River is the largest watershed in the Chilean Mediterranean Zone. The growing 
anthropic and environmental pressure has led to changes in the structure and function of its terrestrial ecosystem. However, 
little is known about its influence on aquatic ecosystems. The effect of the recent extreme drought on the streamflow and its 
influence on water quality and the benthic macroinvertebrate community structure were evaluated in the Maule River’s lower 
section. Beyond temporal and spatial fluctuations, healthy and permanently well-oxygenated waters prevailed in the study 
area. However, during the megadrought period, evidenced by a significant decrease in both precipitation and river streamflow, 
a greater salt wedge influence was observed, at least, in the last 7 km of the river. Although with certain asynchrony, a change 
in the structure of the benthic macroinvertebrate community was observed in the upstream stations. This marinization reveals 
an increase in the domain of marine taxa associated with the Polychaeta group and a clear decrease in typical freshwater 
Oligochaeta individuals. This modification in the structure of the benthic community is expected to affect the function of 
this estuarine system. The results presented here highlight the importance of considering the variability associated with 
biological components for the management of water resources and related ecosystem services, considering that one of the 
main problems associated with changes in land use and the pressures caused by the climate crisis is the decrease in the quality 
and availability of water in this and other Mediterranean basins globally.
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Introduction

Mediterranean zones worldwide are characterized by a marked 
seasonal variability, with heavy rains and floods during the cold 
and wet winter months and hot and very dry conditions during 

summer (e.g., Belda et al. 2014). Nevertheless, the climate cri-
sis has accelerated the frequency and intensity of droughts in 
these zones, impacting the hydrology and the ecology of their 
basins (Hallett et al. 2018; McKee et al. 1993). Furthermore, 
it has been widely demonstrated that ecological status of the 
Mediterranean freshwater ecosystems is being affected by 
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various pressures resulting from agriculture, urban expansion, 
climate change, and the alteration of their hydrological cycle 
(Newton et al. 2018; Perennou et al. 2018; Martínez-Megías 
and Rico 2022). These threats have several socio-ecological 
and economic implications since freshwater systems provide 
essential ecosystem services (Herbert et al. 2015; Perennou 
et al. 2018; Novoa et al. 2019; Morant et al. 2020).

The Chilean Mediterranean Zone (ChMZ) extends between 
the basins of the Aconcagua and Biobío rivers (32°S–39°S; 
Di Castri 1981), though these geographical limits can contract 
or expand due to the occurrence of El Niño or La Niña events 
(Luebert and Pliscoff 2004, 2006). This area is the most densely 
populated in the country and is where the greatest economic 
growth occurs, sustained mainly by the exploitation of its natural 
resources (Figueroa et al. 2007; Fierro et al. 2019). Here, water 
is one of the main support matrices, since it plays a fundamental 
role in the development of agricultural, forestry, and other 
industrial activities, as well as a source for human consumption 
(Rubio-Álvarez and McPhee 2010). Therefore, the freshwater 
systems are essential for the Chilean development due to the 
variety of economic services they support (Novoa et al. 2019).

Drought is a natural phenomenon that can occur in all 
climatic zones and is defined as a sustained and regionally 
extensive occurrence of below-normal natural water availability 
(Tallaksen and van Lanen 2004). However, and as a result of the 
climate crisis, a change in the magnitude, frequency, intensity, 
and spatiotemporal distribution of rainfall is also expected 
(Maity and Maity 2022; Hallett et al. 2018). Most studies on 
the impacts of drought on water quality have been carried 
out in North America, Europe, and Australia (Mosley 2015). 
However, considering the intensification of droughts globally, it 
is necessary to study these impacts in other regions of the world 
such as Asia, Africa, and South America.

The impacts of climate change in the ChMZ are expressed 
as extensive periods of drought in summer and intense rains 
concentrated in short periods of time in winter (FAO 2010; 
Henríquez et al. 2016). In this sense, since 2010 to date 
(2010–2023), the ChMZ has been affected by a prolonged 
and intense drought that is unprecedented in the historical 
record of the last millennium (CR2 2015; Garreaud et al. 
2017), with an annual precipitation reduction that could 
reach up to 30% during this period (Bozkurt et al. 2018).

Drier and warmer conditions have impacted the 
hydrological processes in the ChMZ area (Garreaud et al. 
2017; Alvarez-Garreton et al. 2021), and this uninterrupted 
rainfall deficit has affected several aspects, including the 
structure and distribution of its natural vegetation (Arroyo 
et al. 2020; Garreaud et al. 2017), the fire regime (González 
et al. 2018), the water supply (Muñoz et al. 2020), and even 
the dynamics with their interface zones with the ocean (Pérez 
et al. 2015; Masotti et al. 2018; Vargas et al. 2020).

The second most extensive basin in the ChMZ corresponds 
to the Maule River (2,105,200  ha), which represents the 

third most important Chilean catchment (Dirección General 
de Aguas 2016). Due to the climatic conditions, as well as 
its geomorphological characteristics, various hydroelectric 
projects were developed in this basin (Pacheco et al. 2022), as 
well as several agricultural activities, that represent 26% of the 
land use, which are an important proportion considering that 
the native forest represents only 20% (CTHA 2014). During the 
last decade, the growing anthropic pressure has also led to other 
changes in the land use mosaic, especially to forestry (Pliscoff 
2020). These changes in the landscape generate changes in 
the hydrological regime, which have been intensified due to 
the extensive drought; thus, a lower streamflow in the river 
is expected to decrease both the transport capacity and the 
dilution volume and therefore increases the concentration of 
the elements, including pollutants, downstream of the discharge 
points (Caruso 2002). A lower dilution effect could also increase 
the concentration of organic compounds, with an intensification 
in the biochemical oxygen demand and, therefore, a lower 
oxygen availability (Whitehead et al. 2009). Furthermore, the 
diminished streamflow could favor the continued presence and 
extension of marine water (i.e., marinization) with increases in 
salinity and variations in temperature; that together with the 
factors mentioned above constitutes a threat to the structure and 
hence to the functioning of estuarine ecosystems (Whitehead 
et al. 2009). All these factors cause cumulative or synergistic 
effects that will ultimately impact the vulnerability of this 
watershed (Arriagada et al. 2019).

Evaluation of aquatic ecosystems in this region has been 
developed mainly under a traditional approach, based on the 
comparison of the ranges of environmental parameters obtained 
in situ, mainly physicochemical, with local normatives (Kannel 
et al. 2007). However, this approach does not adequately reflect 
the health status of an aquatic environment (Debels et al. 2005). 
Suitable ecological management requires an evaluation not only 
of the physicochemical attributes of the waters but also of the 
composition and abundance of their biological communities (Karr 
and Chu 1998; Fierro et al. 2018), because they integrate both 
structural and functional characteristics and reflect the health of 
the studied system (He et al. 2020; Bonada et al. 2006). Benthic 
macroinvertebrates, mainly annelids, mollusks, insects, and 
crustaceans (> 0.5 mm in size), are an essential link between the 
nutrient cycles and the energy transferred to higher trophic levels 
(Welsh 2003) that have proven to be a proper bioindicator to assess 
spatial and/or temporal trends of water quality in rivers, lakes, and 
wetlands (Tampo et al. 2021; Mereta et al. 2013). At the spatial 
level, a longitudinal zonification of the benthic communities is 
observed as the characteristics of the environment vary, which 
can be explained by the concept of a “continuous river,” which 
proposes that the characteristic biological communities of a 
certain fluvial section are established in harmony with the 
dynamic physicochemical conditions of the river (Vannote 
et al. 1980). Among the factors that influence the composition, 
abundance, biomass, and distribution of these communities, 
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the type of vegetation, basin land use, type of substrate, 
temperature, dissolved oxygen, and streamflow magnitude have 
been described, being the alterations in the magnitude of the 
streamflow the one that generates the most important ecological 
changes (Poff and Zimmerman 2010). Despite its importance, 
the diversity of the benthic macroinvertebrate community of 
many rivers in the ChMZ remains completely unexplored. 
Taking into account that several threats (e.g., changes in land 
use, introduction of exotic species, habitat loss and degradation, 
pollution, and climate change) have been identified as affecting 
the aquatic environments of the ChMZ (Fierro et al. 2019), the 
risk that many species go from being unknown to disappearing 
is high (Figueroa et al. 2013). Therefore, policies focused on the 
protection and conservation of the biodiversity of these aquatic 
environments are urgently required.

The main objectives of this research were, thus, to assess 
the megadrought effect on the hydrological regime, water 
quality, and structure of the benthic macroinvertebrate 
communities of Maule River’s lower reach, through a biannual 
sampling (i.e., summer–winter) from 2008 to 2020. Given the 
study encompasses data throughout the intensification of the 
megadrought period, it is possible to assess whether there 
has been any response from the benthic community to this 
threat. A substantial change in the streamflow of the river is 
expected as a direct effect of the prolonged drought period, 
while changes in the water quality and the structure of the 
benthic macroinvertebrate communities are also expected to 
have occurred from the hydrological variation.

Methods

Study Area

The Maule River is in the ChMZ between 35°10′ and 36°30′ 
of latitude south and between 70°25′ and 72°30′ of longitude 
west. Its basin covers 21,052 km2 and at its lower reach it reg-
isters an average streamflow of 532 m3/s (Urrutia et al. 2011). 
This river is born in the Laguna del Maule, and its main tribu-
taries are the Puelche, Los Cipreses, Claro, and Melado rivers. 
In its intermediate part, the main tributary is the Loncomilla 
River, from which the Maule River runs confined by the Costal 
Range. In the last 10 km, the river widens into an estuary that 
is about 900 m wide at its mouth, where a natural-formed sand-
bar is modulated by the river streamflow (Fig. 1). The natural 
hydrological regime of the Maule River was described as of the 
mixed type in its upper part—pluvial floods in winter, spring, 
and early summer and pronounced low water in autumn, while 
in its middle and lower part a pluvial type regime prevailed 
(Niemeyer and Cereceda 1984). Furthermore, the estuarine 
zone has low tidal amplitude (1–2 m) with a mixed regime 
(Araya-Vergara 1982) and a water column height oscillating 
between 2 and 10 m depth. The main land uses in its basin 

are for agricultural and grazing (33.5%), scrubs (16.3%), 
native forests (20.0%), plantations (18.1%), and unused lands 
(17.2%), while a small proportion (1.0%) is represented by 
mixed forest (CTHA 2014).

Hydroclimatology

Watershed precipitation and streamflow river data was 
obtained from the CR2 platform (http://​explo​rador.​cr2.​
cl/), an online tool that allows viewing systematized 
data from various government information sources 
such as the Dirección General de Aguas (DGA) and the 
Dirección Meteorológica de Chile (DMC). The average 
daily streamflow data was obtained from the flow meter 
station in Forel (station code: DGA 07383001), which is 
the closest gauging station to the Maule River’s mouth and 
has information from 1985 to date. Air temperature and 
precipitation data from the Maule River station in Forel 
was complemented with data from other stations located 
within the basin, such as the Talca U.C. (station code: DGA 
07383001), which has uninterrupted information since 1982.

Benthic Communities and Water Column Sampling

The information associated with the benthic 
macroinvertebrate communities and the physicochemical 
characterization of the lower reach of the river was obtained 
from the Programa de Monitoreo Marino Costero-Planta de 
Constitución, Arauco Company. This program collected 
environmental information since 2008 to date (2023), but the 
data from 2008 to 2020 are used for this study. Samples were 
collected on a six-monthly, seasonal basis (summer/winter), 
using a fixed sampling design consisting of three sampling 
stations: at the mouth (Maule-1) and 7 km (Maule-2) and 
13 km (Maule-3) upstream from there (Fig. 1).

Samples for the study of the benthic macroinvertebrate 
communities were obtained in triplicate with a Van Veen grab 
sampler of 0.025 m2. Subsequently, samples were washed 
and sieved through a 0.5 mm mesh. Samples were fixed 
in 10% formalin and kept and transported in polyethylene 
bags. Samples were analyzed within a period not exceeding 
1 week after sampling, in order to prevent the breakdown of 
calcium carbonate shells. In the laboratory, a Rose Bengal 
dye solution was added to facilitate visualization and 
separation of the individuals, which were identified to the 
lowest possible taxonomic level. Separation, identification, 
and counting of the different species or taxa were carried 
out with a stereomicroscope (Olympus SZ). Identification 
of the individuals was carried out using specialized literature 
(Cerda and Castilla 2001; Fauchald 1977; Forcelli 2000; 
Lancellotti and Vásquez 2000; Retamal 1981; Rozbaczylo 
1980) and verified in the World Register of Marine Species 
(http://​www.​marin​espec​ies/​org).

http://explorador.cr2.cl/
http://explorador.cr2.cl/
http://www.marinespecies/org
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The hydrographic characterization of the water column 
was carried out through vertical deployments of a CTD-O 
profiler (Sea-Bird 19 Plus probe), which registers the  
following parameters at a high frequency: conductivity-
salinity, temperature (°C), pressure (dbar), and dissolved 
oxygen (mg/L) from the surface to the riverbed. Salinity  
was measured using the Practical Salinity Scale. Just  
one CTD profile (the downward) was used by station.  
In addition, surface water samples were collected in  
triplicate by station for water quality analysis, following 
the recommendations contained in the Chilean normative: 
Norm No. 411/2 Of 96 (“Water quality–Sampling–Part 2: 
Guide on sampling technique”), Norm No. 411/3 Of 96 
(Water quality–Sampling–Part 3: Guide for the conservation 
and management of samples), and Norm No. 411/6 Of 96 
(Water quality–Sampling–Part 6: Guide for sampling rivers 
and watercourses). Then, in the laboratory, analyses of pH, 
true color (Pt.Co), total solids (mg/L), total suspended solids 

(mg/L), oils and fats (mg/L), and total and fecal coliforms 
(MPN/100 mL) were carried out, following the standard 
methods established in APHA-AWWA-WPCF (1995).

Data Analyses

In order to validate the information obtained and detect 
the existence of possible anomalous data, a preliminary 
analysis of the hydroclimatic data was carried out following 
the recommendations of Zuur et al. (2007) and Borcard 
et  al. (2011). The streamflow and precipitation series 
were analyzed using the Mann–Kendall non-parametric 
trend test, complemented with the Sen slope estimator. 
The non-parametric Mann–Kendall test is a convenient 
linear procedure for non-normally distributed data and for 
data containing extreme values and non-linear trends. The 
null hypothesis (Ho) is that the data (× 1, × 2, …, xn) is an 
independent and identically distributed sample of random 

Fig. 1   Spatial distribution of the sampling stations in the Maule River located at the mouth (Maule-1) and upstream at 7 (Maule-2) and 13 km 
(Maule-3) from there. Indicate that the basin of this river crosses the Mediterranean zone of central Chile
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variables. The objective of these tests is to detect the tendency 
of the data to increase or decrease. The complemented Sen 
test corresponds to a non-parametric method, which has 
certain advantages, such as that it allows missing values or 
that the sample does not have to fit a particular distribution 
(Kendall 1975; Mann 1945). These methodologies are widely 
used in the analysis of environmental time series, since they 
are reliable with a small sample size and are tolerable to 
variations (i.e., noise) in the time series (e.g., Andrades et al. 
2019). Additionally, to identify the significant frequencies 
within the hydroclimatic series and their location in the 
time domain, a wavelet analysis was performed (Cazelles 
et al. 2008), and the Standardized Precipitation Index was 
calculated according to McKee et al. (1993).

The seasonal variability (summer–winter) and the 
temporal trends of the physicochemical parameters were 
evaluated through the non-parametric analysis of Wilcoxon 
rank sum tests and a Mann–Kendall and Sen’s slope test, 
respectively. In order to evaluate the possible existence 
of space–time variations in the environmental variables, 
an analysis of variance based on multiple permutations 
(PERMANOVA) (Anderson et al. 2016) was carried out 
using the software PRIMER v7, considering the factors 
Year (from 2008 to 2020), Season (summer and winter), 
and Location (Maule-1, Maule-2, and Maule-3), using the 
distance matrix of the environmental variables, obtained 
based on the Euclidean distances of the normalized data, 
considering 9999 permutations.

Principal component analysis (PCA) was used to analyze 
the physicochemical data of the water. This technique 
reduces the dimensionality of a data set by keeping the 
elements that contribute the most to its variance, a method 
that has been widely used in the interpretation associated 
with the study of water quality (Mishra 2010). This analysis 
identifies underlying relationships between the monitored 
parameters, as well as segregations and/or clusters among 
them. The Water Quality Index (WQI) was also estimated, 
following the recommendations in Cade-Idepe (2005) and 
Debels et al. (2005). This management tool simplifies the 
presentation of the quality results, summarizing a series of 
analyzed parameters in a value. This index was calculated 
for each sampling station and campaign using all the 
environmental parameters measured (see Table 1).

To analyze the benthic macroinvertebrate community 
data, the following univariate community descriptors were 
determined: abundance, taxa richness (S), Shannon–Wiener 
diversity (H′), Simpson dominance (λ), and Pielou 
uniformity (J′). Complementarily, with the abundance data 
of all taxa, a Bray–Curtis similarity matrix was constructed 
transforming the data to the fourth root. A PERMANOVA 
test was then carried out to evaluate the existence of 
possible temporal and spatial variations in the structure of 
these communities, considering the factors Year (2008 to 

2020), Season (summer and winter), and Location (Maule-
1, Maule-2, and Maule-3) and running 9999 permutations. 
The significant differences detected with the PERMANOVA 
were evaluated by a paired comparison analysis (pairwise 
test; Anderson et  al. 2016). Additionally, to determine 
which taxa contributed more to the dissimilarity between 
the levels of the temporal or spatial factors that presented 
significant differences, a Similarity Percentage (SIMPER) 
analysis was applied using the Bray–Curtis similarity 
index (Clarke 1993). Finally, to determine the relationships 
between the environmental parameters and the temporal and/
or spatial changes observed in the structure of the benthic 
macroinvertebrate communities’ abundances, a Distance-
based Linear Model (DistLM) analysis was carried out, 
which considers linear models based on the matrices of 
distance (Anderson et al. 2016). For this analysis, 9999 
iterations were considered, and the Bayesian information 
criterion (BIC) was used to select the best models. The 
level applied to all tests to determine significance was 
p < 0.05. For this procedure, the Primer 7 BEST routine 
was considered (Clarke & Gorley 2015). Furthermore, a 
Spearman analysis was developed to evaluate the correlation 
between the physicochemical parameters evaluated.

Results

Hydroclimatic Variability

The entire time series (1985–2020) of the accumulated 
monthly precipitation exhibits marked interannual 
fluctuations, with a significant downward trend (p value  
< 0.001; n = 449) for the 2006–2020 period (Fig.  2a). 
The highest records were found during the winter months 
(June–August), whereas comparatively the lowest levels 
characterized the summer months (December to Febru-
ary). Between the years 1985 and 2006, specifically during 
the years 1987 (July), 1992 (June), 1997 (June), and 2000 
(June), a maximum rainfall in winter > 250 mm stands out; 
however, in the last 11 years of the series (2009–2020), these 
maximums did not exceed 200 mm per month.

A temporal pattern like that described for the precipitation 
was observed in the streamflow of the Maule River (Fig. 2b). 
The monthly streamflow between 1985 and the beginning 
of 2020 showed high interannual variability, where the 
maximums (> 2000 m3/s) were registered during the winter 
months (June–August) of the years 1987 (July), 1997 (June), 
2001 (July), 2002 (August), and 2006 (July). However, after 
2007, the streamflow exhibited a significant downward 
trend (p value < 0.001; n = 426). In fact, the lowest average 
streamflow, registered during summer (December to 
February), changed from 214.3 ± 142.7 m3/s for the period 
1985 to 2006 to 175.5 ± 78.8 m3/s from 2007 onwards.
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The Standardized Precipitation Index (SPI) showed the 
presence of moderately humid conditions (SPI > 1), inter-
spersed with moderately dry periods (SPI < −1), between 
January 1985 and mid-2007 (Fig. 2c). During this period, 
the noticeable highlights include an extremely dry condi-
tion (SPI < −2) between the middle of 1998 and the mid-
dle of 1999. However, after 2007 and until the end of the 
temporal record (i.e., 2020), a recurrent dry condition 
(SPI < −1) prevailed, reaching an extremely dry condition 
at the beginning of 2020. It should be noted that during 

the latter period no SPI magnitudes associated with humid 
conditions were detected.

The wavelet analysis of the monthly accumulated 
precipitation and monthly discharge showed the persistence of 
a significant annual cycle (confidence level of 0.95), which was 
more consistent for precipitation (Fig. S1a and b). However, 
in some years, significant pulses associated with variations in 
the precipitation and streamflow due to seasonal changes stand 
out. Nevertheless, these signals disappear after 2006 and 2009 
for the precipitation and streamflow, respectively.

Table 1   Average values ± 1 standard deviation of environmental parameters measured at each sampling station by season (summer and winter) 
for the study period (2008–2020)

Probability value associated to the results of the seasonal (Wilcoxon test) and historical (Sen’s slope) analysis are shown. n.s. represents non-
significant values (p > 0.050)

Environmental parameters/sampling 
points

Seasonal summary Seasonal Historical

Summer Winter Wilcoxon test Sen’s slope

Maule-1
Oil and fats (mg/L) 3.7 ± 3.0 4.1 ± 3.2 n.s −0.200 (p = 0.021; n = 26)
Fecal coliforms (MPN/100 mL) 82.5 ± 156.2 2042.9 ± 4384.3 n.s n.s
Total coliforms (MPN/100 mL) 180.1 ± 239.8 2660.0 ± 4309.9 p = 0.002 n.s
True color (Pt–Co) 13.8 ± 13.8 12.6 ± 8.8 n.s n.s
Total solids (mg/L) 5735.8 ± 4922.8 744.5 ± 758.7 p < 0.001 n.s
Total suspended solids (mg/L) 18.8 ± 33.8 20.4 ± 23.2 n.s −1.000 (p < 0.001; n = 26)
Dissolved oxygen (mg/L) 9.5 ± 1.9 9.8 ± 2.5 n.s n.s
pH 8.2 ± 0.5 7.6 ± 0.7 p = 0.034 n.s
Temperature (°C) 18.1 ± 2.7 10.8 ± 1.2 p < 0.001 n.s
Salinity 19.44 ± 11.60 15.20 ± 13.44 n.s n.s
Maule-2
Oil and fats (mg/L) 2.9 ± 2.2 3.9 ± 3.1 n.s n.s
Fecal coliforms (MPN/100 mL) 8.5 ± 9.7 807.5 ± 1.178.3 p = 0.001 n.s
Total coliforms (MPN/100 mL) 170.7 ± 464.0 2217.3 ± 4309.5 p = 0.002 n.s
True color (Pt–Co) 15.0 ± 16.5 12.3 ± 8.5 n.s n.s
Total solids (mg/L) 1364.9 ± 4982.9 385.0 ± 854.6 p < 0.001 n.s
Total suspended solids (mg/L) 13.3 ± 12.2 15.7 ± 15.4 n.s −0.700 (p < 0.001; n = 26)
Dissolved oxygen (mg/L) 8.9 ± 1.7 10.9 ± 2.7 p = 0.034 n.s
pH 8.5 ± 0.5 7.6 ± 0.8 p = 0.001 n.s
Temperature (°C) 20.5 ± 2.0 10.1 ± 1.6 p < 0.001 n.s
Salinity 9.57 ± 10.14 0.12 ± 0.24 p < 0.001 0.004 (p = 0.047; n = 26)
Maule-3
Oil and fats (mg/L) 3.7 ± 2.8 3.9 ± 3.0 n.s −0.200 (p = 0.003; n = 26)
Fecal coliforms (MPN/100 mL) 3.8 ± 3.6 721.8 ± 1.050.7 p = 0.001 n.s
Total coliforms (MPN/100 mL) 21.9 ± 45.0 1781.4 ± 2696.7 p < 0.001 n.s
True color (Pt–Co) 15.2 ± 16.1 13.5 ± 9.9 n.s n.s
Total solids (mg/L) 301.1 ± 379.5 210.1 ± 209.6 n.s n.s
Total suspended solids (mg/L) 14.0 ± 17.5 18.2 ± 19.3 n.s −0.630 (p < 0.001; n = 26)
Dissolved oxygen (mg/L) 9.6 ± 1.8 10.9 ± 2.5 n.s n.s
pH 8.6 ± 0.5 7.6 ± 0.7 p = 0.001 n.s
Temperature (°C) 22.7 ± 1.6 10.1 ± 1.6 p < 0.001 n.s
Salinity 0.14 ± 0.12 0.07 ± 0.03 p = 0.006 n.s
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Fig. 2   Temporal variability of a accumulated monthly precipitation in 
the Maule River basin, b monthly riverine streamflow, and c Stand-
ardized Precipitation Index (considering a scale of 12 months) for the 

period 1985–2020. The gray area in a and b indicates the moment at 
which the decline in the rainfall and streamflow trends begins, respec-
tively
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Water Quality of the Maule River

Table  1 presents the average values and the standard 
deviation associated with the parameters evaluated in the 
waters of the Maule River by sampling location for the 
study period (2008–2020) and the results of the seasonal 
and temporal analysis. Significant seasonal variability 
was found in all sampling stations for total coliforms, pH, 
and temperature, while total solids only was significant 
in Maule-1 and Maule-2. Otherwise, seasonal differences 
in salinity were just observed in Maule-2 and Maule-
3. The average concentration of oils and fats and the 
microbiological load (i.e., total and fecal coliforms) were 
comparatively higher during winter while higher values were 
registered during the summer period in total solids, pH, and 
temperature. It should be noted that salinity in the station 
closest to the river mouth (Maule-1) did not present notable 
seasonal variations; however, temporal fluctuations were 
detected at the Maule-2 and Maule-3 stations. In contrast, 
slight seasonal variations were detected in the parameters 
true color, total suspended solids, and dissolved oxygen 
at all stations. The temporal analysis (i.e., Mann–Kendall 
test and Sen slope) by variable for each sampling station 
indicated that significant trends (view p values and sample 
size in Table 1) were detected for oils and fats (Maule-1 
and Maule-3) and total suspended solids (Maule-1, Maule-2, 
and Maule-3) that exhibited downward trends, while salinity 
presented a significant upward trend (Maule-2).

The homoscedasticity test (PERMDISP) for the set of 
environmental variables was significant (F12,65 = 3.36, p 
value = 0.019) only in the factor Year. However, the pair-
wise analysis of this factor was only significant in less than 
34% of all comparisons; hence, there would be no multivari-
ate global over-dispersion for the data. The PERMANOVA 
results indicate that the main factor that explains the vari-
ation of the environmental data was Season (60.8%MS) 
(Table 2a).

The PCA indicated that there are five main components 
with values > 1, which, together, explain 82.4% of the total 
variability of the information. Figure 3 represents PC1 ver-
sus PC2 in two dimensions, which together are the compo-
nents that explain the highest percentage of the variability of 
the information (44.5%). Temperature and pH showed strong 
correlation (r > 0.69) with PC1, with higher records during 
the summer periods. Microbiological load (i.e., total and 
fecal coliforms) and oils and fats have moderate correlations 
(r > 0.60) with PC2. However, the dispersion of the samples 
did not show a clear seasonal behavior.

Temporal behavior of the physicochemical parameters 
that significantly explain the variability of the benthic mac-
roinvertebrate community obtained from the DistLM (see 
details of this analysis in “Benthic Macroinvertebrate Com-
munities”) is observed in Fig. 4. Oils and fats, dissolved 
oxygen, and total suspended solids showed a similar vari-
ability among stations, with a clear decrease in oil and fats 
and total suspended solids starting in the winter 2015 and 

Table 2   PERMANOVA for (a) 
environmental characterization 
of the Maule River waters and 
(b) a Bray–Curtis similarity 
resemblance matrix of fourth 
root transformed abundances 
across the factors Year, Season, 
and Location

Significant values (p < 0.050) are presented in bold
df degrees of freedom, MS mean squares, %MS contribution of mean squares to total mean squares, 
Pseudo-F F value by permutation, p(perm) p values based on more than 9000 permutations, Perms number 
of permutations

Source df MS %MS Pseudo-F p(perm) Perms

(a)
Year 12 21.2 9.93 10.0 0.001 9846
Season 1 129.8 60.80 61.2 0.001 9947
Location 2 29.8 13.96 14.0 0.001 9933
Year*Season 12 17.0 7.96 8.0 0.001 9870
Year*Location 24 2.0 0.94 0.9 0.651 9836
Season*Location 2 11.6 5.43 5.5 0.001 9934
Residuals 24 2.1 0.98
(b)
Year 12 5219.2 19.79 4.3 0.001 9865
Season 1 1850.3 7.02 1.5 0.155 9941
Location 2 12,290.0 46.61 10.2 0.001 9927
Year*Season 12 2528.2 9.59 2.1 0.001 9821
Year*Location 24 1573.1 5.97 1.3 0.001 9803
Season*Location 2 1700.9 6.45 1.4 0.032 9915
Residuals 24 1204.9 4.57 0.145
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summer 2013, respectively, which lasted until the end of 
the series. On the other hand, dissolved oxygen remains at 
high concentrations throughout the study period. Salinity, 

by contrast, showed clear differences among sampling sta-
tions. Regardless of the variability of the streamflow or the 
seasonality of the sampling, a large part of the water column 

Fig. 3   Two-dimensional repre-
sentation of the first two main 
components (PC1: first princi-
pal component; PC2: second 
principal component) generated 
with the environmental informa-
tion collected between the years 
2008 and 2020. In brackets 
the percentage of variance 
explained by each component. 
CE: conductivity, DO: dissolved 
oxygen, Oil_fats: oil and fats, 
TSS: total suspended solid, 
Tcol: total coliform, Fecol: fecal 
coliform, TS: total solid

Fig. 4   Temporal variability of the physicochemical parameters that 
significantly explain the variability of the benthic macroinvertebrate 
community obtained from the DistLM analysis carried out for the 

abundance-based Bray–Curtis similarity matrix. Note that the salinity 
corresponds to the bottom data
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in the station Maule-1 was dominated by brackish-type 
waters (0.5–17), with marine-type waters (> 17) in the bot-
tom layer. Freshwaters (< 0.5) were occasionally recorded 
on the surface during winters of 2009 and 2011. Previous to 
winter 2012, values < 3 dominated the entire water column 
in the station Maule-2, varying between brackish and fresh 
waters. However, since the summer of 2013 and until the 
end of the series, the presence of brackish waters increased 
remarkably, dominating almost the entire water column, 
even with marine-type water (> 17) registered at the bot-
tom during the summer campaigns. On the contrary, 13 km 
upstream from the mouth of the Maule River, in the locality 
Maule-3, regardless of the seasonality or the variability of 
the streamflow, the entire water column was dominated by 
fresh or inland waters (< 0.5) during all the studied period 
(2008–2020).

The WQI denotes a general trend with high-quality 
waters recorded in the summer periods relative to what was 
observed during winters. Furthermore, it was observed a 
longitudinal gradient throughout the study area during 
most of the study period, with waters varying between very 
good quality in Maule-2 and Maule-3 and good quality in 
Maule-1. Nevertheless, and superimposed to this seasonal 
and spatial trend, the water quality in each location appears 
to improve over time (Fig. 5).

Benthic Macroinvertebrate Communities

A total of 31,682 specimens representing 69 invertebrate 
taxa were recorded, with a clear decline in abundance from 
2015, despite slight punctual increases (Fig. S2a and b). 
Considering only the major taxonomic groups, Polychaeta 
had the highest abundance followed by Oligochaeta (17,144 
and 13,755 individuals, respectively). Crustacean and 
Mollusca were noticeably less represented with 601 and 
120 individuals found, respectively. These groups together 
represented 99.8% of the total number of individuals. The 
total abundance of invertebrates varied throughout the study 
period, as well as between seasons, and among stations 
(Fig. S2a). The highest number of invertebrates occurred 
at Maule-3 in the summer of 2011 (11,369 individuals; out 
of scale in Fig. S2a), while invertebrates were absent at 
select sites on four sampling occasions (i.e., summers of 
2017–2018 at Maule-2 and Maule-3 and winter of 2018 at 
Maule-1 and Maule-3).

The community indexes of diversity (H′), dominance 
(λ), and uniformity (J′) were highly variable spatiotempo-
rally throughout the study period, with recurrent ascend-
ing and descending cycles in all localities (Fig.  S3). 
Nevertheless, H′ in Maule-1 seems to show a decreas-
ing trend between winter 2009 and winter 2016 and then 

Fig. 5   Temporal variability of the Water Quality Index (WQI) by sampling stations throughout the study period (2008–2020). Note that the hori-
zontal dotted lines indicate the boundary between fair, good, and very good quality water



734	 Estuaries and Coasts (2024) 47:724–742

1 3

exhibited irregular behavior until the end of the series. H′ 
in Maule-2, in general, was quite irregular; however, an 
upward trend stands out between summer 2019 and winter 
2020. H′ in Maule-3 was also highly irregular over time, 
although in general it was higher, compared to Maule-2, 
from the winter campaign of 2012. Though the community 
structure parameters J′ and λ presented highly irregular 
spatiotemporal distributions, recurrently, between summer 
2008 and winter 2013, the highest values of these indices 
were found in Maule-1, while between summer 2014 and 
winter 2020 the highest were registered in Maule-3.

The PERMDISP analysis for the abundance data was 
significant (p < 0.05) in the factors Year and Location. Nev-
ertheless, after evaluating the paired analysis for the fac-
tor Year, significant values (F12,65 = 2.96, p value = 0.027) 
were only detected in less than 16.7% of all comparisons, 
while in the case of the factor Location for the three sam-
pling sites, only one was significant (Maule-2). There-
fore, there is no multivariate global over-dispersion in the 
biotic data. The PERMANOVA results indicate that the 
main factor that explains the variation of the benthic mac-
roinvertebrate community’s data was Location (46.6%MS) 
(Table 2b). The SIMPER confirms community differences 
among stations. The greatest dissimilarity among locali-
ties occurred between Maule-1 and Maule-3, followed by 
Maule-2 and Maule-3, and finally between Maule-1 and 
Maule-2 (Table 3). The most representative taxa at Maule-1 
were Prionospio, Phoxocephalidae, and Gammaridea. 
However, after winter 2016, these groups were occasionally 
registered, while Nereididae, Capitella, Cossura, Microph-
oxus, and Mulinia contributed more to the total abundance 
(Fig. 6). In Maule-2, Prionospio also dominated, but after 
2016, Nereididae and occasionally Phoxocephalidae were 
also abundant. In Maule-3, by contrast, Oligochaeta was 
the most represented taxa until 2012, being only recorded 
occasionally after this year (i.e., winter of 2016 and 2019), 
when Capitella and Prionospio dominated the community 
(Fig. 6).

The DistLM assessing which environmental variables 
best described changes in the invertebrate community in 
isolation or combination are presented in Table 4. The 
parameters that significantly explained the variability in 
the benthic community in descending order of importance 
were oils and fats, dissolved oxygen, total suspended 
solids, and salinity (Fig. 4). In addition, the BIC indicated 
that the best adjusted model was obtained with the levels 
of oils and fats, followed by the model that also included 
dissolved oxygen, while the third best model also included 
salinity (Table 5). Nevertheless, the Spearman correlation 
analysis indicates that there is significant relationship 
between oils and fats and total suspended solids and 
between dissolved oxygen and salinity (Fig. S4).

Discussion

Droughts are defined as a condition where the availability of 
water is below normal in a sustained and spatially extensive 
manner, which can occur in different climatic zones (Tal-
laksen and van Lanen 2004). In the Mediterranean areas of 
the world, intense and short-term droughts (1 to 2 years) 
are a common phenomenon, although longer dry periods 
have been recorded in recent decades (Garreaud et al. 2020; 
Hallett et al. 2018; McKee et al. 1993). This increase in the 
temporal extension of droughts has also been described for 
the Chilean Mediterranean Zone (ChMZ), where an uninter-
rupted sequence of dry years has been recorded since 2010 
(CR2 2015; Garreaud et al. 2017, 2020). This megadrought 
has been characterized by annual rainfall deficits that oscil-
late between 25 and 45%, a drop in Andean snow cover, and 
a decrease in the river’s streamflow, volumes of reservoirs, 
and groundwater levels (CR2 2015; Garreaud et al. 2017, 
2020; Alvarez-Garreton et al. 2021). Although it was estab-
lished, through streamflow reconstructions (Urrutia et al. 
2011), that the Maule River basin has had at least 4 years 

Table 3   Species identified by SIMPER as those which typified the 
fauna among sampling stations

Maule-1 Maule-2 Maule-3

Maule-1 Prionospio
Nereididae
Phoxocephalidae
Gammaridea

Maule-2 Prionospio Prionospio
Nereididae Nereididae
Phoxocephalidae
Gammaridea
Paraprionospio
Capitella
Cossura chilensis
Mulinia sp.
Oligochaeta
Microphoxus sp.

Maule-3 Prionospio Prionospio Capitella
Oligochaeta Oligochaeta Oligochaeta
Capitella Nereididae Prionospio
Nereididae Capitella
Phoxocephalidae Paraprionospio
Gammaridea Gammaridea
Cossura chilensis Phoxocephalidae
Chironomidae Chironomidae
Mulinia sp. Lumbrinereis
Eumida sp. Eumida sp.
Microphoxus sp.
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with very low streamflow levels (i.e., 1698, 1908, 1924, and 
1998), classified among the ten driest in the last 800 years 
(Muñoz et al. 2016), the current drought affecting the ChMZ 
is unprecedented in the last century due to its intensity and 
duration (Garreaud et al. 2017, 2020). However, based on 
our hydroclimatic variability results (1985–2020), the sign of 
megadrought in the study area started earlier than described 
for the ChMZ (e.g., CR2 2015; Garreaud et al. 2017, 2020; 
Alvarez-Garreton et al. 2021). A significant decline in both 
precipitation and streamflow, registered since 2006 in the 
basin and 2007 in the Maule River, respectively, resulted in 
a transitional period from moderately to extremely dry. These 
sustained decreases in these hydroclimatic parameters occur 

concomitantly with other natural disturbances and the mul-
tiple anthropogenic stressors that modulate the behavior of 
the freshwater ecosystems in the basin, causing cumulative or 
synergistic effects that deteriorate the health of these systems 
and increase the vulnerability of the watershed (Arriagada 
et al. 2019).

The present investigation, which considers a 12-year 
follow-up of the last 13 km of the Maule River, revealed 
that, regardless of the monitoring point, during the summer 
periods higher levels of total solids, pH, temperature, and 
conductivity-salinity were generally recorded. On the con-
trary, during winter periods, it was common to find a higher 
microbiological load (i.e., total and fecal coliforms), as well 

Fig. 6   Shade plot based on the percentage contribution of the tempo-
ral variability of the main benthic macroinvertebrate groups found by 
sampling stations and campaigns (S: summer; W: winter) throughout 

the study period (2008–2020). Note that the asterisk represents the 
Oligochaeta group
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as higher levels of oils and fats, parameters that evidence the 
influence on the river of human activities that occur in the 
basin. These changes in the riverine water quality are mainly 
related to seasonal variations in water inputs to the basin. A 
lower streamflow during summer implies a diminishing in 
the transport capacity and increases the water residence times 
along with a lower dilution volume (Whitehead et al. 2009); 
hence, during this period, a higher concentration of solids is 
expected, especially in the lower parts of the river, as well as 
a greater spatial influence of marine waters due to a higher 
tide amplitude. Likewise, there is an increase in temperature 
because of the intensification in radiation and in pH as a 
result, among others, of a greater autotrophic activity and/or 
changes in the solubility of bicarbonate (Hall et al. 2023). On 
the other hand, the increase in freshwater flows as a result of 
punctual precipitation events that occur during winter peri-
ods increases the dragging of pollutants from the basin into 
the river. Nevertheless, and despite this seasonal variability, 
the study area recurrently exhibited waters that ranged from 
good to very good quality according to the WQI, although 
with temporary variations where these quality conditions are 
affected, mainly associated with periods with greater saline 
influence or more punctual records associated with increases 

in the total and fecal coliforms and high levels of oils and 
fats. Nevertheless, most of the evaluated parameters oscil-
lated within the ranges that have been reported for the Maule 
River (Cade-Idepe 2004a), as well as in other ChMZ basins 
(Cade-Idepe 2004b, c, d; Debels et al. 2005; Torres-Ramírez 
et al. 2017; Fierro et al. 2021).

Superimposed to the seasonal trend, the river water 
quality throughout the study period improves, evidencing a 
lower impact of the activities that occur in the basin (mainly 
anthropogenic). This improvement in quality is the result 
of less washing and dragging due to the diminished in river 
streamflow, as a consequence of the sustained decrease in 
rainfall due to the drought. Furthermore, this decrease in 
streamflow has favored the influence of waters of marine 
origin upstream—“marinization” (Hallett et  al. 2018), 
influence that has been increasing as the megadrought has 
developed. Reducing the contributions of pollutants from 
diffuse sources during periods of drought could improve the 
quality of the water of the receiving body (Caruso 2002), 
although because of the lower dilution, during these periods of 
low streamflow the pollutants could increase its concentration 
in point sources (Zwolsman and van Bokhoven 2007; Peña-
Guerrero et al. 2020). In fact, there are several studies that 
demonstrate that the water quality of freshwater systems 
could decrease during periods of drought (e.g., Mosley 2015). 
However, the magnitude of the impacts on water quality 
depends on many factors beyond the human activities that 
occur in their basins, among them it is worth highlighting the 
type of water body, its shape, size, depth, water regime, and 
water residence times, among others (Van Vliet and Zwolsman 
2008; Delpla et al. 2009; Li et al. 2017). Nevertheless, this 
impact can be exacerbated during drought periods if the 
water quality of the system is already deteriorated (Zwolsman 
and van Bokhoven 2007). Therefore, the impact of drought 
on the water quality of freshwater systems is complex and 
spatiotemporally variable (Mosley 2015).

A study carried out in the estuarine sector of the Maule 
River estimated that the tidal could reach approximately 
16 km upstream from the mouth (Araya-Vergara 1981). A 
hydrodynamic modeling work determines that the advance of 
this salt wedge is affected by the sandbar that forms naturally 
at the mouth and that is modulated by the river streamflow, 

Table 4   Marginal test for DistLM analysis, using the BEST proce-
dure for the abundance-based Bray–Curtis similarity matrix. Abun-
dance data were standardized and transformed to the fourth root

In bold significant probability values (p < 0.05)
SS sum of squares, Pseudo-F F value by permutation, p p values

Environmental parameters SS (trace) Pseudo-F p

Oil and fats (mg/L) 7787.0 3.257 0.004
Dissolved oxygen (mg/L) 5805.2 2.402 0.021
Total suspended solids (mg/L) 5455.1 2.253 0.024
Salinity 4826.5 1.987 0.043
Total solids (mg/L) 3610.4 1.476 0.143
True color (Pt–Co) 3244.2 1.324 0.202
pH 3207.5 1.309 0.220
Fecal coliforms (MPN/100 mL) 2948.3 1.201 0.300
Total coliforms (MPN/100 mL) 2465.2 1.002 0.422
Temperature (°C) 1717.1 0.695 0.674

Table 5   Best models selected 
with DistLM analysis, using 
the BEST procedure for the 
abundance-based Bray–Curtis 
similarity matrix

BIC Bayesian information criterion, RSS residual sum of squares

BIC RSS Number of 
variables

Variable selection

613.47 181.690 1 Oil and fats
615.69 176.780 2 Oil and fats + dissolved oxygen
618.10 172.410 3 Oil and fats + salinity + dissolved oxygen
620.68 168.530 4 Oil and fats + fecal coliforms + salinity + dissolved oxygen
623.24 164.690 5 Oil and fats + fecal coliforms + salinity + dissolved oxygen + pH
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which also plays an important role in restricting the advance 
of this wedge upriver (Arce 2014). Nevertheless, prior to 
2012, no marine-type waters (> 17) had been detected in the 
locality of Maule-2; therefore, the persistence of a dry envi-
ronmental condition together with a lower streamflow would 
be favoring the influence of the marine waters upstream (at 
least 7 km), with the consequences that the entry of these salt 
wedges entails by affecting the ecosystem services provided 
(e.g., water used for agriculture, human consuming, or aqua-
culture). In fact, the main cause of salinity intrusion in estua-
rine systems is the freshwater scarcity (Herbert et al. 2015). 
The effects of saltwater intrusion on ecosystem services have 
received less attention, perhaps because shifts in water chem-
istry are invisible to the general public. Nonetheless, marine 
salt inputs to previously freshwater-dominated systems have 
profound impacts on ecosystem biogeochemistry, leading to 
coastal forest loss, species invasions, reductions in agricul-
tural productivity, changes in coastal water quality, and marsh 
migration (Mosley 2015; Tully et al. 2019; Martínez-Megías 
and Rico 2022). Several adverse environmental effects are 
triggered by the intrusion of the salt wedge, because saline 
wedge intrudes not only longitudinally, but also laterally, 
could degrade nearby aquifers by salinizing coastal ground-
water (Barlow 2003). In addition, the vertical exchange of 
dissolved oxygen with the bottom layer is interrupted due to 
the isolation of this lower, denser salt layer (Watanabe et al. 
2014), leading to bottom anoxia and consequently deteriorat-
ing the water quality (D’Adamo and Lukatelich 1985; Tweed-
ley et al. 2015). These anoxic conditions could also trigger 
the release of nutrients and trace metals due to the change in 
the redox condition of the sediments (McAuliffe et al. 1993; 
Kraal et al. 2013). Nevertheless, despite the marinization, the 
estuary of the Maule River remains oxygenated (> 4 mg/L) 
throughout the study period, even at the bottom (data not 
shown), due likely to the wind influence that could mix the 
entire water column avoiding the stratification. However, 
abrupt saltwater intrusions affect the structure, distribution, 
and function of the benthic community along the riverine 
systems (Sylaios et al. 2006).

Rivers of the ChMZ have been poorly studied and 
knowledge of their biodiversity is scarce and fragmented, 
especially in relation to benthic macroinvertebrates (Fierro 
et al. 2019), where the existing information is concentrated 
mainly in the groups of insects, mollusks, and crustaceans 
(Figueroa et al. 2013). Regarding the environmental factors 
that regulate the biodiversity of these aquatic communities, 
it has been widely demonstrated that the natural streamflow 
regime, which in turn partially modulates the water quality, 
has a profound influence not only on the structure but also 
on the behavior of these organisms; however, there is a 
series of interrelated mechanisms that exert control over 
these characteristics that operate on different temporal 
and spatial scales (Poff and Zimmerman 2010; Bunn and 

Arthington 2002). Among the factors that regulate these 
mechanisms, the quality of the waters and the structures and 
the complexity of the riverine environments are important 
modulators of the zoning patterns of the communities that 
live there (Habit et  al. 2007). The results of this study 
indicate that the system presents waters which quality 
increased through time, but with substantial and persistent 
changes in the magnitude of the streamflow that allow a 
growing, both in magnitude and extension, influence of 
marine waters, which, consequently, modifies the benthic 
macroinvertebrate community structure upstream.

Several investigations that have evaluated the composition 
and structure of benthic macroinvertebrate communities in 
other basins within the ChMZ have been developed mainly 
in the intermediate depression or in the upper part of the 
basins (Figueroa et al. 2013; Soria et al. 2019; Fierro et al. 
2019). These studies describe a high number of taxa (> 50), 
within which the Insecta group stands out in abundance and 
diversity, with the contributions of the groups Crustacea, 
Mollusca, and Oligochaeta being poorly represented (Habit 
1998; Figueroa et al. 2006, 2007, 2010, 2013; Soria et al. 
2019; Fierro et al. 2021). In the present study, the first 
developed in the lower part of a ChMZ river, a typical 
assemblage of estuarine benthic fauna was registered during 
the first part of the study (before 2010–2012). Insecta and 
Oligochaeta were identified in the sector furthest from 
the coast, in Maule-3, but after 2012 typical marine taxa 
dominated and Oligochaeta was found just occasionally 
during winter periods. On the contrary, Polychaeta was the 
most abundant group in the entire study area, especially in 
the localities Maule-1 and Maule-2, coinciding with what 
has been reported for some coastal freshwater systems (i.e., 
lakes, lagoons, and estuaries) in southern central Chile, 
where the Polychaeta stands out for its abundance and 
diversity (Bertrán and Parra 2001; Bertrán et al. 2016; Fierro 
et al. 2014; Torres-Ramírez et al. 2017).

The physicochemical analysis of the lower section of the 
Maule River indicates that, beyond the temporal (winter-
summer) and spatial fluctuations, healthy and permanently 
well-oxygenated waters (> 4 mg/L) prevailed in the study 
area, with quality parameters oscillating, in general, between 
ranges allowed by the Chilean regulations on water for 
agricultural irrigation and for recreational use with direct 
contact (NCh. 1333). In relation to the environmental 
parameters that significantly explain the variability of the 
benthic macroinvertebrate community structure, it seems 
that the main underlying factor modulating this variability 
is related to the marinization of the system, i.e., a decrease 
in the streamflow as a result of the megadrought, with a 
concomitant downward trend in total suspended solids and in 
oil and fats (the latter as a proxy of anthropogenic influence) 
and an upward trend in salinity in permanently oxygenated 
waters due to the increasing spatiotemporal influence of 
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the salt wedge. Changes in the benthic macroinvertebrate 
community structure upstream (Maule-2 and Maule-3) 
occurred during winter 2010 and summer 2013, respectively, 
revealing an increasing presence of taxa associated with 
the Polychaeta group, with dominant organisms that are 
typical of the marine environments (e.g., Prionospio, 
Capitella), along with a decline of the Oligochaeta group, 
characteristic of freshwaters. This apparent delay between 
changes in the waters’ physicochemical signal (at least with 
the timing when it is possible to register it) and the response 
of the benthic community’s structure would be explained 
mainly by the biological characteristics and lifestyles 
of these organisms. Classified as good indicators of the 
function of the river systems and sentinels of disturbances 
that are not detected through traditional evaluations (e.g., 
chemical characterization), benthic organisms respond to the 
cumulative effects of disturbances over time (Figueroa et al. 
2013; Tweedley et al. 2015; Fierro et al. 2018, 2021; Elgueta 
2020), capturing longer-term changes in the environment 
than are not recorded by sporadic water quality monitoring 
(Mosley 2015). Therefore, to the threats that would be 
affecting the Chilean Mediterranean aquatic ecosystems 
identified by Fierro et al. (2019), and already described (see 
“Introduction”), the diminishing of the riverine streamflow 
as a result of the current megadrought condition and, in 
consequence, the marinization of the rivers should also be 
considered. Thus, this saline influence modifies not just the 
physicochemical characteristics altering the habitat of the 
freshwater systems but the structure and likely the function 
of their biological communities due to the osmotic stress 
caused (Anton-Pardo and Armengol 2012; Hallett et al. 
2018). Peña-Guerrero et al. (2020) indicate that during 
periods of drought it is necessary to evaluate the effect of 
anthropogenic stressors on water quality through chemical 
analysis of pertinent environmental variables; nonetheless, 
the results presented here highlight the importance of 
also considering the variability associated with biological 
components that are important for the functioning of aquatic 
ecosystems, such as benthic macroinvertebrate communities.

This research is a contribution to the fragmented 
knowledge of the estuarine environments of the 
Mediterranean areas, especially in relation to variations in 
both quality and availability of water, as well as changes 
in benthic macroinvertebrate communities in response to 
the incidence of saline waters, caused by the changes in the 
hydrodynamic regime due to the projected intensification and 
more recurrent drought events. Anthropic activity, product 
of economic development, has generated important changes 
in land use (e.g., agricultural, forestry, mining, and urban), 
which is one of the main threats to biodiversity worldwide 
and a detrimental factor not only on the quality but also on 
the quantity of the water present in the basins (Cuevas et al. 
2014). This study area in particular has presented important 

variations in the conformation of the coastal landscape, 
registering a significant loss of deciduous forest, mainly due 
to the increase in forestry plantations (Miranda et al. 2017; 
Pliscoff 2020). These tensors exacerbated by the current 
megadrought and the increasing pressure on the scarce 
water resources require the implementation of permanent 
monitoring programs that provide information about the 
condition of different environmental matrices, in order to 
develop and implement policies that allow preserving the 
diverse ecosystem services of the basins present in the ChMZ.

Conclusions

Megadrought has produced profound changes in the 
hydrological regime—,  i.e., a marked and sustained 
diminishing in precipitation and riverine streamflow, 
which have allowed not just a growing upstream influence 
of the marine salt wedge but an important alteration of 
the benthic macroinvertebrate communities structure in 
the Maule River’s lower reach. This modification in the 
composition of the benthic community, whose spatial 
influence seems to be controlled by the intensity and 
duration of the drought, is expected to affect the function 
of the ecosystems associated with the lower part of the 
river, mainly those associated with the estuarine zone, and 
consequently the services that these ecosystems offer.

Finally, and bearing in mind that one of the main problems 
associated with landscape changes and the pressures caused 
by the climate crisis is the decrease in the quality and 
availability of water—, a problem that is exacerbated in 
the current context of a megadrought, the results reported 
here provide useful information for the management of the 
water resources in this and other Chilean Mediterranean 
basins. For a comprehensive evaluation, it is recommended, 
in addition to a permanent chemical characterization of the 
waters, the incorporation of other complementary elements 
that provide environmentally relevant information, such as 
the analysis of the different land uses and the study of the 
aquatic communities (e.g., benthic macroinvertebrates, fish, 
and/or diatoms) present throughout the entire basin.
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